Extracellular acidification by osteoclasts is essential to bone resorption. During proton pumping, intracellular pH (pH i ) is thought to be kept at a near-neutral level by chloride/bicarbonate exchange. Here we show that the Na + -independent chloride/bicarbonate anion exchanger 2 (Ae2) is relevant for this process in the osteoclasts from the long bones of 
INTRODUCTION
Osteoclasts are multinucleated cells specialized in bone resorption [1, 2] . Their attachment to the bone surface leads to a highly organized polarization characterized by a ruffled border with multiple membrane invaginations at the site where bone will be resorbed. This ruffled border area, which is secluded from the environment by the sealing zone, extrudes protons through a vacuolar H + -ATPase (V-ATPase). Electroneutrality is preserved during this process by simultaneous secretion of chloride ions through the chloride channel ClC-7 in the ruffled border membrane.
By hydrating CO 2 to bicarbonate and a proton, intracellular carbonic anhydrase II (CAII) provides protons to the vacuolar proton pump. In order to maintain the intracellular pH (pH i ) at around 7, proton export into the resorptive lacuna has to be accompanied by export of bicarbonate across the basolateral membrane.
Bicarbonate efflux from osteoclasts is thought to be accomplished through Na + -independent chloride/bicarbonate anion exchange (AE) activity [2, 3] .
The importance of unimpaired ion transport in normal bone metabolism and development is highlighted by evidence that mice and humans lacking V-ATPase [4] or ClC-7 [5] are severely osteopetrotic. Most probably, the lack of chloride bicarbonate exchange may also impair normal functioning of osteoclasts, thereby causing osteopetrosis.To date, three members of the solute carrier 4 (SLC4) family have been identified which may display AE activity [6] : AE1 (SLC4A1), AE2
(SLC4A2) and AE3 (SLC4A3). Thus, all three may mediate electroneutral exchange of chloride for bicarbonate across the plasma membrane. The mechanism of action of a fourth exchanger, AE4 (SLC4A9), is still inconclusive [6] .
Whether any of these AE proteins is involved in maintenance of the pH i of osteoclasts remains to be studied. The most widely distributed exchanger is AE2, which is expressed in many epithelial cells, in which it contributes to the regulation of pH i and cell volume, as well as transepithelial hydroionic fluxes and acid/base transport [6] . Vince and Reithmeier [7] showed that AE1 and AE2 both bind to CAII, and suggested that an interaction between anion exchangers and CAII is functionally important. This suggestion was strongly supported by Sterling et al. [8] , who showed that this interaction accelerates the rate of AE-mediated bicarbonate transport.The AE2 gene, similarly to the other AE genes, may drive alternative transcription from different promoter sequences. In humans, besides the complete message AE2a driven by the upstream promoter [9] , alternative exons 1b1 and 1b2 may be transcribed from overlapping promoter sequences within intron 2, each being spliced to exon 3 in corresponding 5'-variants Ae2b1 and Ae2b2 [10] .
Alternative promoter sequences from intron 2 is rather conserved between humans and rodents [cf. ref . 11] , although expression of the type "b" variants is less tissue specific in rodents [12] . Additional alternative exons 1c1 and 1c2 may be transcribed from overlapping sequences within intron 5 in mouse and other rodent species [12, 13] , but not in humans [10] . These alternative exons are either spliced to or proceed with exon 6 in variants Ae2c1 and Ae2c2, respectively. Ae2c1 expression is rather stomach-specific, while in most tissues Ae2c2 expression is almost negligible [14, 15] , and the encoded protein appears to be inactive [14] . We have generated mice that are deficient in the main Ae2 isoforms, Ae2a, Ae2b 1 and Ae2b 2 [16] . These Ae2 a,b -/-mice suffer from male infertility due to an arrest in spermatid maturation [16] , and have impaired gastric-acid secretion [15] . In the current study we investigated the role of Ae2 in osteoclast formation and osteoclast activity. We show that Ae2 is involved in maintaining the intracellular pH of osteoclasts, and plays an important role in the formation and activity of multinucleated osteoclasts, and thus in the normal development of long bones.
Strikingly, resorptive function was maintained in the calvaria osteoclasts of these Ae2 a,b -/-mice, and we were able to show that a sodium-bicarbonate cotransporter is present in these calvaria osteoclasts but not in long-bone osteoclasts.
MATERIALS & METHODS

Animals
Ae2 a,b -/-mice, with a targeted disruption of the Ae2 gene that prevents the expression of Ae2a, Ae2b1 and Ae2b2 isoforms, were generated as described [16] . Mice were bred from heterozygous couples against the FVB/N background.
Experiments were approved by the IACUC (Institutional Animal Care and Use Committee). The wild-type, heterozygous and Ae2 a,b -/-mice used in the experiments were 10-20 weeks old. All genotypes were age-matched per experiment.
Micro CT scan
Calvariae and tibiae were dissected, fixed and cleaned of soft tissue. The bones were scanned in a μCT system (micro CAT ™II, Siemens Preclinical Solutions, Knoxville, TN, USA) at 75.0 kVp and 250.0 uA (scans were carried out at 10 μm resolution). 2D CT images were reconstructed using a standard convolution-back projection procedure with a Shepp-Logan filter. Images were stored in 3D arrays with a voxel size of 19 μm x 19 μm x 23 μm.
Microscopy
Isolated calvariae and tibiae were fixed for 48 h at room temperature in 4%
formaldehyde and 1% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4).
After cleaning of soft connective tissue and μCT analyses (see above), these bones were decalcified for two weeks in 0.1 M EDTA and 1% glutaraldehyde in cacodylate buffer, washed in buffer, postfixed in 1% OsO 4 , washed in buffer again, dehydrated through a graded series of ethanol, and embedded in epoxy resin (LX-112). Semi-thin sections (1 μm) were cut with a diamond knife, stained with methylene blue, and used for (i) viewing the general morphology, (ii) measuring bone density, and (iii) counting the number of osteoclasts. Ultra-thin sections were made with a diamond knife, stained with uranyl and lead, and examined in a Philips CM10 electron microscope. The sections were checked for the presence of a clear zone and ruffled border, and also for the presence of vacuoles in the osteoclasts.
Low-power electron micrographs were made, randomized, and used to measure the attachment and ruffled border surface area.
Bone strength
The strength of humeri obtained from the wild-type, Ae2 a,b +/-and Ae2 a,b -/-mice was measured by subjecting the bones to a three-point bending test in a universal testing machine (model no. 6022; Instron, High Wycombe, Bucks, UK) as described [17] . The two ends of the bone were fixed to a holder, and force was applied to the mid-portion of the bone shaft at a speed of 0.96 mm/min until the bone broke. The force needed to break the bone was registered in Newton per square mm.
Phosphate and calcium content in bone, and CTX levels in serum
The mineral composition of the bone was measured by establishing the amounts of calcium and phosphate relative to that of collagen. Collagen was measured using the hydroxyproline microassay as described [18] ; phosphate was determined according to the assay described by Hess and Derr [19] , and calcium by atomic absorption spectrometry. Quantitative determination of the serum levels of fragments of type I collagen (CTX) was carried out by using the RatLaps ELISA kit (Immunodiagnostic Systems Ltd., Boldon, UK).
Immunohistochemistry
Polyclonal antibodies were raised against the synthetic peptide CGDEYNEMPMPV, that corresponds to the 12 C-terminal-amino acids of the Ae2 protein [20] . Antisera were affinity-purified and their specificity was verified by 
Bone marrow culture with RANKL and M-CSF for osteoclast generation
Osteoclasts were generated as described [22] . Briefly, for each experiment, agematched mice were sacrificed with a peritoneal injection of sodium pentobarbital.
Removed tibiae and calvariae were cleaned of soft tissue, and ground in a mortar with culture medium α-MEM (Gibco BRL, Paisley, Scotland) supplemented with 5% fetal calf serum (HyClone, Logan, UT, USA), 100 U/ml penicillin, 100 µg/ml and 5.5 mM glucose. To set pH at 7, saline solutions were gassed with 5% CO 2 /95% air.
In the Cl -free variant, gluconate salts were used. For acetate prepulses, 80 mM NaCl was replaced by NaAcetate (NaAc). In Na + -free Tyrode's solutions, Na + was replaced by N-methyl-D-glucammonium (NMDG+).
Statistical analysis
The data are represented as mean ± SD. Statistical analysis was performed by using Student's t-test with Welch's correction. Effects were considered statistically significant at P<0.05 (two sided).
RESULTS
Ae2 a,b -/-mice show growth retardation and have osteopetrotic long bones
Growth of the Ae2 a,b -/-mice was slightly but significantly retarded compared to the wild-type controls. This effect was seen in both male and female animals, and persisted after weaning ( Figure 1 ). 
Taken together, these findings indicate that osteoclasts of long bones in Ae2 a,b
-/-mice have impaired ability for bone resorption, whereas this function is preserved in the skull osteoclasts of these mice.
Analysis of the osteoblasts in the Ae2 a,b
-/-mice showed a higher number of them having a cuboidal shape and a pronounced Golgi apparatus, as compared with the wild-type osteoblasts, suggesting that osteoblast activity might be increased.
Ae2 is localized in the basolateral plasma membrane of the osteoclast of normal mice
Immunolocalization of Ae2 in bone sections of wild-type mice revealed that this protein is highly expressed at the basolateral plasma membrane of osteoclasts mice. Staining of the osteoclast is absent, and only erythrocytes are intensely stained due to cross-reactivity of the Ae2 antibodies with Ae1.
In vitro osteoclastogenesis assays with long bone marrow cells
In vitro osteoclastogenesis assays were carried out with bone marrow cells obtained from tibiae of Ae2 a,b -/-and control mice, both to investigate the role of Ae2 in the formation of osteoclasts and to assess their resorption activity.
Due to the small space for the bone marrow in Ae2 a,b -/-mice, the number of bone marrow cells that could be isolated from these animals was five times lower than the number of those cells isolated from control mice. Flow cytometry analysis was carried out using the mouse myeloid lineage markers CD31 and Ly6C [21] . CD31
is highly expressed by early blasts; myeloid blasts express both CD31 and Ly6C, while monocytes express Ly6C only [21] . Similar percentages of these cell populations were observed in the wild-type, Ae2 a,b +/-and Ae2 a,b -/-mice ( Figure 6A ). 
Expression of Slc4a4 by calvaria osteoclasts
In an attempt to elucidate why Ae2 a,b -/-osteoclasts of the calvaria were active whereas long-bone osteoclasts were inactive, we used qPCR to analyze the expression of different transporters that could contribute to pH i regulation in calvaria osteoclasts. Osteoclasts were generated by culturing bone marrow cells obtained from wild-type calvariae and from long bones in the presence of M-CSF and RANKL (and with M-CSF alone, used as normalizing calibrator).
After a six-day culture period, mRNA expression of Ae2a, Ae2c1, Slc26a1, Slc26a4, Slc4a9 and Slc4a4 was assessed for both populations of calvaria and long-bone osteoclasts. While each population expressed the messages for Ae2a, Slc4a9 and Slc26a1 to a similar level ( Figure 8A ) and no clear difference could be detected for Ae2c1 expressed at very low levels (not shown) adequate expression of the sodium-dependent co-transporter Slc4a4 was found only in osteoclasts generated from calvaria marrow ( Figure 8A ), suggesting that a sodium-bicarbonate cotransport may occur in calvaria osteoclasts, but not in the osteoclasts of long bones. Figure 8 . Detection of Sclc4a4 mRNA and acid/base transporting activity in calvaria and long-bone osteoclasts generated from wild-type precursor cells. (A) mRNA expression of Slc4a4, Ae2a, Slc4a9, and Slc26a1 by in vitro generated osteoclasts of calvaria (CA) or long bone (LB) marrow. Marrow cells were obtained from wild-type mice and cultured for 6 days with M-CSF and RANKL. qPCR analysis demonstrated that osteoclasts formed from long bone marrow expressed similar levels of Ae2, Slc4a9 and Slc26a1. However, while the cotransporter Slc4a4 was expressed by calvaria cells, its expression was much lower in the long bone cells. Data are expressed as mean ± SD. n=10, **p <0.005. (B) Typical pHi traces recorded in calvaria and long bone osteoclasts generated from bone marrow of wild-type mice, when briefly exposed to Na + -free and Cl --free conditions. In calvaria osteoclasts, the re-acidification was slower when chloride or sodium was absent, indicating that both ions were involved in the pHi regulation in these cells. Long bone osteoclasts, on the other hand, responded only on Cl -withdrawal, while the re-acidification rate in the presence or absence of sodium was the same, indicating that sodium is not involved in pHi regulation of the long bone osteoclasts.
We further investigated the presence of alternative bicarbonate transporting systems by studying osteoclast intracellular pH homeostasis in the presence and absence of sodium. Figure 8B shows that wild-type osteoclasts generated from calvaria and long bone marrow differ with regard to their sodium dependency during pH i regulation. Cells were acidified by an acetate pulse (80 mM HAc/Ac -)
after which acetate was withdrawn, which induces an alkaline shift. In both osteoclast populations, recovery from this alkaline load was both CO 2 /HCO 3 --dependent and Cl --dependent. Additionally, whereas alkaline-load recovery in longbone osteoclasts was sodium independent, it was partly sodium dependent in osteoclasts from calvaria. Hence, osteoclasts from calvaria appear to express sodium-dependent bicarbonate transporting activity that is absent from long bone osteoclasts. This may relate to the observed expression of Slc4a4 in calvaria osteoclasts.
DISCUSSION
The data presented in this study demonstrate that Ae2 is important for osteoclast function in long bones. Although normal numbers of multinucleated osteoclasts were present in the long bones of Ae2 a,b -/-mice, the ruffled border was missing, and consequently bone resorption was impaired, which in turn led to an osteopetrotic phenotype of these bones.
In normal osteoclasts, secretion of protons at the ruffled border area via the proton pump ATP6i [25] (V-ATPase) results in intracellular alkalinization that is compensated through anion exchange-mediated efflux of bicarbonate [2, 3] . The fact that in the wild-type mice Ae2 was localized in the basolateral plasma membrane of bone-resorbing osteoclasts reveals that it is at this site where the anion exchange occurs.
The importance of basolateral Ae2 for osteoclast function fits well with current opinions on acid secretion by these cells, and on acid-secreting cells in general.
Thus, in addition to the aforementioned extrusion of bicarbonate from the osteoclasts, the Ae2-mediated electroneutral chloride/bicarbonate exchange involves concomitant chloride uptake which supplies chloride ions for apical secretion via the chloride channel ClC-7 [5] .
Osteopetrosis comprises a range of inherited disorders that are all characterized by a dysfunction of osteoclasts [2, 30] . In general, there are two types of osteopetrosis. The first is characterized by reduced numbers of osteoclasts, or even their absence. This deficiency of osteoclasts occurs when differentiation of the haematopoietic osteoclast precursors is blocked. Such an effect can be found, for example, in PU.1 (31) and RANKL [32] mutations, as well as in mice carrying the mi mutation [33] . In the second group of osteopetrotic disorders, osteoclasts are present in normal or even increased numbers, but are incapable of resorbing bone. Typically, most of the observed osteoclasts lack a ruffled border. This situation is encountered, for instance, in c-SRC [34] and TRAF-6 [35] deficiency, but also in other abnormalities affecting proteins involved in acid secretion by the osteoclasts such as V-ATPase [25] , ClC-7 [5] and CAII [36, 37] .
Our present data indicate that e.g. in the ClC-7 -/-mice [5] , neither with bone marrow cells from humans with the same defect affecting ClC-7, nor from patients with a defect in the vacuolar proton pump ATP6i [38] . Although acid secretion is affected in all cases, fusion appears to be delayed only in the Ae2 a,b -/-cells. Further studies are needed to find out the underlying mechanism responsible for this delayed fusion, but one possible explanation for this might lie in the suggested role of Ae2 in cell motility [39] .The actin filament system is involved in cell movement. The intracellular domain of Ae2 appears to connect to ankyrin, a component of the actin filament system [40] .
Since this system is involved in the migration of cells, and since osteoclasts are highly motile cells, the absence of Ae2 may lead to impaired motility, which becomes apparent in in vitro short-term assays.
A surprising finding in our Ae2 a,b -/-mice was the eruption of the incisors and molars, since most osteopetrotic mouse models are edentulous. This may be related to our finding that calvaria osteoclasts in the Ae2 a,b -/-mice had a normal ruffled border, indicating that they are active bone-resorbing cells. The relatively
high CTX values do even suggest that these osteoclasts have an increased activity; a possibility that has to be explored in more detail in subsequent studies.
By highlighting bone-site specific differences between osteoclasts, our present observation supports the view that there are functional differences between different osteoclast populations [41, 42] .
The reason for this functional difference may be related to our observation that calvarial osteoclasts display sodium dependent bicarbonate transport whereas this could not be detected in osteoclasts from long bones. The identity of this transporter remains to be verified but it is important to note that by qPCR we could detect expression of Slc4a4 in calvarial osteoclasts whereas expression of this sodium-dependent bicarbonate transporter was much lower in osteoclasts from long bones. Depending on the stoichiometry for Na + and HCO 3 -, Slc4a4 can function as an influx or efflux system for bicarbonate [43] . We propose that calvarial osteoclasts in Ae2 a,b -/-mice suffer less from the absence of Ae2 because they additionally express the cotransporter Slc4a4.
During editorial processing of the present report, two studies have been published describing a more severe osteopetrotic phenotype in another Ae2-deficient mouse model [44, 45] . In these mice, all Ae2 isoforms (including Ae2c1)
had been disrupted by replacement of exons 14-17 in the Ae2 gene with a neocassette (hybridization analysis having confirmed that the mutant AE2 mRNAs do contain the neo gene [46] . These mice with truncated Ae2 isoforms exhibit premature postnatal death around 20-30 days after birth, possibly due to achlorhydria and resulting malnutrition [46] -although several knockout models with complete abrogation of gastric acid secretion exist which are quite healthy [47] . Osteoclasts were present but had a perturbed ruffled border and lacked functionality [45] . As a consequence these mice failed to remodel the cartilaginous skeletal anlagen, preventing normal development of the medullar cavity. Moreover, these mice presented an abnormal skull with impaired tooth eruption [27, 44, 46] .
In contrast to this model, the longer life span of our Ae2 a,b -/-mice allowed the characterization of both young and adult animals, where osseous bone remodeling was occurring and resulted in a milder osteopetrosis phenotype. It should be investigated whether the differences between the mouse model from Gawenis et al. [46] and our Ae2 a,b -/-mice are due to a different genetic background (a mixed 129S6/SvEv and Black Swiss background for the mice of Gawenis et al. [46] whereas our animals were bred against FVB/N background). We tested three more different backgrounds (mixes with Balb/C, 129/Sv and SJL) and observed no general changes in our Ae2 a,b -/-mice. Alternatively, and concerning the general severe phenotype in the other model (including emaciation and early death), the proteins resulting from the mutant Ae2 mRNAs fused to the neo gene [46] , could be detrimental for all cells expressing these mutant transcripts.
On the other hand, when we carried out qPCR to analyze the expression of the putatively stomach-specific Ae2c1 isoform, we were unable to detect clear differences in its low expression between calvarial and long bone osteoclasts.
Moreover, Ae2 immunostaining of hemi-mandibles of our Ae2 a,b -/-mice showed no staining of osteoclasts. This suggests that the additional disruption of Ae2c1 isoform may not be the main reason for the important skull abnormalities in the model of Gawenis et al. [46] compared to our mice.
It is not known whether the Ae2 deficiency in mice described here, which leads to osteopetrosis, also has a human counterpart. In this connection, it is important to emphasize that the absence of Ae2 causes additional phenotypes such as complete arrest in maturation of spermatocytes which makes male Ae2 a,b -/-mice infertile [16] , impaired gastric-acid secretion [15] and immunological and biliary abnormalities [48] .
In summary, Ae2 deficiency elicits multiple severe effects on osteoclasts. First, failure to maintain the pH i impairs the formation of the ruffled border in long-bone osteoclasts, and subsequently the ability of these osteoclasts to acidify the underlying bone. This in turn leads to osteopetrosis of the long bones. Second, there appears to occur a slight delay in the fusion of pre-osteoclasts from Ae2 a,b -/-mice, as uncovered by in vitro osteoclastogenesis assays. On the other hand, osteoclasts present in calvaria seem unaffected, exhibiting an extensive ruffled border, and allowing the teeth to erupt normally. In these calvarial osteoclasts, the lack of Ae2 is probably compensated by the sodium-dependent co-transporter Slc4a4.
These data provide further evidence of functional diversity between different osteoclast cell populations [41] . Future studies should determine whether a lack of Ae2 underlies the existence of osteopetrosis in a group of patients in whom the genetic background of this disease is unknown.
